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Sustainable Synthesis of Diverse Privileged Heterocycles by Palladium-
Catalyzed Aerobic Oxidative Isocyanide Insertion™*
Tjpstil Vlaar, Razvan C. Cioc, Pieter Mampuys, Bert U. W. Maes,* Romano V. A. Orru,* and

Eelco Ruijter*

Heterocycles containing a guanidine moiety are of great
importance in medicinal chemistry (Scheme 1).' As a result,
several methods for the synthesis of these “privileged
scaffolds” have been reported.™ Classical approaches, such
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Scheme 1. Clinically used guanidine-containing heterocycles.

as the addition of diamines to isothiocyanates followed by
condensation and the coupling of diamines with cyanogen
bromide,>* have some clear limitations, such as the avail-
ability and toxicity of reagents. Moreover, these procedures
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suffer from poor atom and/or step efficiency, thus making
them unattractive from a sustainability point of view.

We envisioned the aerobic oxidative coupling of diamines
and isocyanides using palladium catalysis could provide
access to a wide range of guanidine-containing heterocycles
in a single step with water as the sole byproduct. The
oxidation sensitivity of, for example o-phenylenediamines—
which form the basis for most permanent hair dyes—makes
this approach particularly challenging. Oxidative palladium
catalysis has drawn considerable attention because of its mild
and environmentally benign character, especially when
molecular oxygen is used as the terminal oxidant.”) Isocya-
nides have emerged as valuable C, building blocks in
palladium catalysis that readily undergo similar transforma-
tions as carbon monoxide. Isocyanides are more easily
handled than carbon monoxide and contain a diversity
point. It is therefore not surprising that there has been
a recent surge of interest in palladium-catalyzed processes
that involve isocyanide insertion.! However, only two
oxidative processes utilizing molecular oxygen have been
reported.”! In light of our interest in Pd-catalyzed cascade
reactions® involving isocyanide insertion, we report herein
the atom-efficient synthesis of diverse cyclic guanidines from
diamines and isocyanides by using aerobic oxidative palla-
dium catalysis."”

We started our investigations with the benchmark reac-
tion between o-phenylenediamine (1a) and fert-butyl isocy-
anide (2a) to give 2-aminobenzimidazole (3a). After opti-
mization of the conditions (see the Supporting Information
for details) we found that the reaction proceeds quantitatively
in the presence of Pd(OAc), (1 mol %) in the absence of an
external ligand or base in an atmosphere of molecular oxygen
(1 atm) in the renewable solvent 2-methyltetrahydrofuran
(MeTHF)!"! at 75°C.

To evaluate the reaction scope, we first tested a range of
electronically  diverse  o-phenylenediamines (Table 1,
entries 1-11). Pleasingly, all examined substrates underwent
clean conversion to the desired 2-aminobenzimidazoles 3a-k
in excellent yields (83-99 %), and the only noticeable differ-
ence was observed in the reaction rate. Electron-donating
groups (OMe, Me) and weak or moderately electron-with-
drawing groups (F, Cl, COOMe) gave full conversion under
the standard conditions, whereas strong electron-withdrawing
groups (CN, CF;, NO,) required more catalyst and longer
reaction times. 4-Bromo-o-phenylenediamine curiously also
reacts slower, although the product 3g was obtained in good
yield (83 %, Table 1, entry 7). Aza analogue 11 also under-
went clean, albeit slower, conversion to product 31 in 65 %
yield (Table 1, entry 12). Finally, an interesting theophylline
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Table 1: Substrate scope of the aerobic oxidative coupling of o-phenyl-

enediamines and isocyanides.”!
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3 1c (R=3-Me) 3¢ (R=4-Me) 20 90
4 1d (R=4-OMe) 3d (R=5-OMe) 20 93
5 le (R=4-F) 3e (R=5-F) 20 99
6 1f (R=4-Cl) 3f (R=5-C) 20 92
7 1g (R=4-Br) 3g (R=5-Br) 72 83
8 1h (R=4-CO,Me)  3h (R=5-CO,Me) 20 99
9l 1i (R=4-CN) 3i (R=5-CN) 72 95
10 1j (R=4-CF;) 3j (R=5-CFy) 66 95
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[a] Standard conditions: diamine (1.0 mmol), isocyanide (1.2 mmol),
Pd(OAc), (1 mol %), and 4 A molecular sieves (MS) in MeTHF (5 mL) at
75°C in O, atmosphere (1 atm, balloon). PMB = p-methoxybenzyl.

[b] Yields of isolated products. [c] 10 mmol scale. [d] 5 mol % Pd(OAc),.
[e] Slow addition of isocyanide (1.5 equiv) over 5 h, tBuOH as solvent.
[f] 10 mol % Pd(OAc),. [g] Toluene as solvent. [h] tBuNC used; concen-
trated HC| added after 20 h, then 6 h reflux.
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analogue (3m) could be prepared in 43% yield from
diaminouracil 1m, thereby further illustrating the broad
substrate scope. Importantly, the reaction is amenable to
scale-up with negligible loss of yield (Table 1, entry 1).

The substrate scope of isocyanides in palladium-catalyzed
processes is often limited and occasionally only rBuNC is
viable.[”! Indeed, selective double insertion of primary and
secondary aliphatic isocyanides has been reported.'!! We
were therefore not surprised that iPrNC (2b) was a poor
reactant in the reaction with 1a to give 3n under the standard
conditions. Surprisingly, we found selective formation of
a compound incorporating three isocyanide molecules, to
which we assigned structure 5 (Scheme 2). Compound 5 is
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Scheme 2. Observed side products with isopropyl isocyanide.
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most likely formed from the desired product (3m), and
a control experiment starting from 3n confirmed this. After
considerable optimization (see the Supporting Information),
were we able to isolate the target compound 3n in 54 % yield
by using modified conditions (10 mol % Pd(OAc),, 1.5 equiv
iPrNC, slow addition, tBuOH; Table 1, entry 14). We rea-
soned that N1-substituted substrates lack the possibility to
form products like 5, since no second NH group would be
present for an additional oxidative isocyanide insertion.
Moreover, double insertion would not lead to a favorable
aromatic system like 4. Indeed, when reacting N-methyl-o-
phenylenediamine (In) with iPrNC under the standard
reaction conditions (1 mol% Pd(OAc),, 22 h) we isolated
the desired 2-aminobenzimidazole 30 in 88 % yield (Table 1,
entry 15). Also primary isocyanides can be used, as exempli-
fied by n-pentyl isocyanide, which coupled selectively with 1n
in very good yield (Table 1, entry 17). When comparing
tertiary, secondary, and primary isocyanides, the reaction rate
decreased in this order (Table 1, entries 15-17). N1-Benzyl-
ated 2-aminobenzimidazoles often display unique biological
activity (e.g. astemizole, Scheme 1). Therefore, N-p-methoxy-
benzyl-o-phenylenediamine (10) was tested and gratifyingly
found to be a suitable substrate for aerobic oxidative coupling
(Table 1, entries 18 and 19). Furthermore, we were able to
access unsubstituted 2-aminobenzimidazoles by a one-pot
acid-promoted dealkylation sequence. Addition of concen-
trated HCI to the reaction mixture (after the formation of 3a
was complete) and subsequent heating under reflux furnished
2-aminobenzimidazole (3t) in an excellent 93% yield
(Table 1, entry 20). This procedure provides a valuable alter-
native to the use of highly toxic cyanogen bromide, especially
since tBuNC is an easily accessible and stable isocyanide.
Most importantly, the aerobic oxidative coupling proves
to be a general, reliable, and broadly applicable reaction for
the synthesis of various other aminoheterocycles with only
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subtle changes in the reaction conditions. We first tested
oxygen and sulfur analogues of 1a. 2-Aminophenol (1p) is
a viable substrate and smoothly coupled with tBuNC and
iPrNC yielding 2-aminobenzoxazoles 6a and 6b in 99 % yield
in both cases (Table 2, entries 1 and 2). Moreover, 2-amino-

Table 2: Substrate scope of the aerobic oxidative coupling of various
bisnucleophiles and isocyanides.?!
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[a] Standard conditions: bisnucleophile (1.0 mmol), isocyanide

(1.2 mmol), Pd(OAc), (1 mol%), and 4 A MS in MeTHF (5 mL) at 75°C
in O, atmosphere (1 atm, balloon). [b] Yields of isolated products.

[c] 5 mol % Pd(OAc),. [d] 10 mol % Pd(OAc),. [e] Toluene as solvent.

thiophenol (1q) furnished 2-(fert-butylamino)benzothiazole
(7) in 69% yield (Table 2, entry 3), although 2-aminothio-
phenol reacted much slower than 2-aminophenol. Although
substrates 1p and 1q are oxidation-sensitive, they are
compatible with the developed oxidative protocol. Other
types of bisnucleophiles, such as anthranilamide (1r) and 2-
aminobenzenesulfonamide (1s) also coupled successfully
without significant modification to the reaction conditions
to yield products 8 and 9 in good yields (Table 2, entries 4 and
5). In some cases we observed formation of high-boiling-point
impurities derived from MeTHF under the reaction condi-
tions, which made isolation more difficult. We resolved this
issue by simply switching to toluene as the solvent in these
cases (Table 2, entries 1, 3, 4, and 5).

The reaction is extendable to aliphatic amines, as shown
by the conversion of 2-aminobenzylamine (1t) to amino-
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quinazoline 10 in 85% yield (Table 2, entry 6). Evidently,
under the reaction conditions the product has undergone an
additional oxidation to aromatize. Methyl substitution of the
benzylic amine surprisingly led to the formation of a 2-
aminoquinazolone (11, Table 2, entry 7). Apparently, the
benzylic position is very prone to oxidation under the reaction
conditions. Finally, N-phenyl ethylenediamine (1v) was read-
ily converted to the corresponding 2-aminoimidazoline 12 in
94 % yield (Table 2, entry 8). Interestingly, further oxidation
to the corresponding imidazole was not observed in this case.

Based on these results and control experiments (see the
Supporting Information) we propose the mechanism shown in
Scheme 3. Catalyst I reacts with the diamine to form

Pd(OAC),

$ NH,
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Scheme 3. Proposed mechanism.

intermediate II. Then, isocyanide insertion occurs, resulting
in species III. Intermediate III subsequently undergoes
reductive elimination to afford the product. Pd’ species IV
is stabilized by coordination of multiple isocyanides and
oxidized by molecular oxygen to regenerate the catalyst.!”

To further illustrate the utility of our method we
completed a formal synthesis of the antihistamines noraste-
mizole and astemizole (Scheme 4). Astemizole has been
withdrawn from the market in Europe and the United States
because of potentially lethal side effects, but has recently been
identified as a potential anti-malaria agent.’) The aerobic
oxidative coupling of readily available 13 and 14 proceeded
smoothly in the presence of Pd(OAc), (5 mol %) to afford 2-
aminobenzimidazole 15 in 80% yield (Scheme 4). Acidic
hydrolysis of 15 is known to furnish norastemizole, which can
then be functionalized to yield astemizole.™”

In conclusion, we have developed a novel palladium-
catalyzed aerobic oxidation reaction that produces guanidine-
containing and related heterocycles from bisnucleophiles and
aliphatic isocyanides. The reaction is applicable to a wide
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Scheme 4. Formal synthesis of astemizole and norastemizole.

variety of pharmaceutically relevant heterocyclic systems, as
illustrated by a formal synthesis of astemizole and noraste-
mizole. Easily handled and relatively low-cost Pd(OAc), is
used as the catalyst without an additional ligand or base, and
molecular oxygen, which is the most sustainable oxidant
available, is used as the oxidant. The procedure is operation-
ally simple, since bench solvents (i.e. no destillation or drying
of synthesis grade solvents is required) and atmospheric
pressure are used, and environmentally benign owing to the
low catalyst loading, renewable solvent, and high atom
efficiency.

Experimental Section

Representative procedure: A 25 mL round-bottom flask equipped
with a reflux condenser was charged with o-phenylenediamine (1a,
108 mg, 1.0 mmol, 1equiv) and 4 A molecular sieves (300 mg).
Vacuum was applied and the flask was back-filled with O, (3 x).
Subsequently, a MeTHF stock solution (5 mL) containing Pd(OAc),
(2.2 mg, 0.01 mmol, 1 mol%) was added, followed by fert-butyl
isocyanide (136 pL, 1.2 mmol, 1.2 equiv). The reaction mixture was
stirred at 75°C in O, atmosphere (balloon) for 20 h. The mixture was
filtered through Celite, concentrated, and purified by flash chroma-
tography (SiO,) to yield 3a as a colorless solid (188 mg, 0.99 mmol,
99%).
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